E xtravascular lung water (EVLW) is the sum of alveolar, interstitial, and intracellular fluid in the thoracic cavity (1). In contrast to physical examination or chest X-ray, EVLW provides a reliable assessment of changes in pulmonary edema content (2) (3) (4) (5) . Elevated values of EVLW are well recognized as an independent predictor of mortality in critically ill patients (6-13). EVLW is a suitable parameter to track therapeutic changes induced by fluid management and β-mimetic therapy (14-17). Due to these properties, EVLW has repeatedly been proposed for inclusion in the definition of acute respiratory distress syndrome (ARDS) (18-23).
In contemporary clinical practice, measurement of EVLW is performed almost exclusively with single-indicator transpulmonary thermodilution using a bolus of iced saline (24, 25) . The technique has been validated with gravimetry performed at autopsy in animal and human studies (26) (27) (28) (29) . For practical use, EVLW raw data are indexed to body weight (6, 7, 30) to achieve independence from height, weight, and gender and to allow a comparison of values between individuals. A range of 3-8 mL/kg is considered as normal, derived from patients scheduled for coronary bypass surgery or being mechanically ventilated for reasons other than lung injury (31) (32) (33) (34) (35) (36) .
Recently, literature has described that prediction of mortality improves if EVLW data are indexed to predicted ideal body weight (EVLWI PBW ) instead of the traditionally used actual body weight (EVLWI ActBW ) (6, 7, 30) . The rationale is that lung volumes depend mainly on height and gender but not on weight (37) . Therefore, EVLWI ActBW is falsely low in obese subjects and EVLWI PBW reflects a patient's condition more accurately. A Japanese study reconfirmed EVLWI PBW measurements by single-indicator transpulmonary thermodilution with autopsy and proposed the mean normal value to be approximately 7.4 mL/kg (27) . Regardless of the indexing formula, a threshold of 10 mL/kg is most frequently cited as the upper limit of normal (6, 9, 11, 21, 30) .
Despite the already extensive and still rapidly growing amount of literature on EVLW, there is a paucity of data in healthy volunteers or patients without hemodynamic instability. The main purpose of our study was to investigate EVLWI PBW in a large cohort of subjects without cardiopulmonary compromise for an approximation of normal values. Furthermore, we wanted to validate the different indexing methods in noncritically ill patients.
METHODS
The Ethics committee of the Bayerische Landesärztekammer, Munich, Germany, approved the study (ethics vote no. 07057). A separate analysis of data from the study investigated the relationship of transpulmonary thermodilution-derived global end-diastolic volume to age and gender and is reported elsewhere (38) .
Study Population
We included adult patients requiring elective brain tumor surgery at the Department of Neurosurgery, Klinikum Bogenhausen, an academic hospital of the Technische Universität München, Germany. Exclusion criteria were inability or unwillingness to participate; missing or withdrawn informed consent; chronic atrial fibrillation; and known heart failure or pulmonary disease with dyspnea requiring supplemental oxygen. At study inclusion, we measured the patients' body height and weight and recorded their medical history and present medication.
Study Protocol
As the standard of care in our department, all patients scheduled for craniotomy are equipped with a central venous and an arterial catheter for perioperative monitoring. Instead of a regular arterial catheter, a transpulmonary thermodilution catheter (Pulsion PVPK2015L20-46N, Pulsion Medical Systems AG, Munich, Germany) was inserted into a femoral artery and connected to a PiCCOplus monitor (Version 7.0; Pulsion Medical Systems AG, Munich, Germany). Transpulmonary thermodilution measurements were performed with 20 mL of ice-cold saline in at least triplicate and the results were averaged.
Predefined time points for transpulmonary thermodilution measurements were after intubation and insertion of catheters (time point 1), at the start of surgery (time point 2), during surgery at incision of the dura mater (time point 3), and at the end of surgery (time point 4). Patients were kept intubated and transferred to the neurosurgical ICU. Further measurements were performed on admission (time point 5), after extubation (time point 6), and shortly before discharge from the neurosurgical ICU on postoperative day 1 (time point 7). Only data from patients discharged as per the normal procedure from the neurosurgical ICU on postoperative day 1 were evaluated.
Preoperatively, all patients were fasted overnight. Induction and maintenance of anesthesia, surgery, and postoperative care in the neurosurgical ICU were performed according to the standards of our departments and independent from the study. All patients received total IV anesthesia using a continuous infusion of propofol and repetitive boluses of fentanyl. Ventilation was performed using a tidal volume of 8-10 mL/ kg predicted body weight (PBW) and a positive end-expiratory pressure level of 5 mm Hg. Perioperative volume management was at the discretion of the physician in charge and not specified in the study protocol. A bolus of 25 g/125 mL mannitol (20%) was applied at the request of the surgeon between time points 2 and 3. Fluid balance was recorded on discharge from the ICU (time point 7).
Study Size Calculations
When planning the study, no EVLW data from noncritically ill subjects were available, so a reliable upfront power calculation was not possible. Therefore, the study size was determined by the requirements of the concurrent global end-diastolic volume analysis (38) . EVLWI PBW was the result of EVLW values divided by PBW (6, 7, 30) . Using similar calculations, EVLW was indexed to the actual weight (EVLWI ActBW ), to the body surface area (BSA) based on ActBW (EVLWI BSA(ActBW) ) or PBW (EVLWI BSA(PBW) ), and to the height (EVLWI Height ) of the patient.
Calculation of Indexed Data

Statistical Analysis
For data analysis, we used the statistical environment R 2.12.1 (R Software Foundation, Vienna, Austria, http://www.r-project.org). The measurement repeatability coefficient for EVLWI PBW was defined as the sd divided by the mean of at least three repeated injections of ice-cold saline (40) . The KolmogorowSmirnow test revealed that all EVLW data showed a nonGaussian distribution. Differences in EVLWI PBW data between the measurement time points were assessed with a one-way analysis of variance. The relationship of EVLWI PBW and the perioperative fluid balance was investigated with a linear model. The Wilcoxon test was used for all other univariate comparisons. Main results are reported along with the mean and sd to facilitate comparison with other published works.
Multivariate assessment was performed with generalized additive mixed models to allow for possible nonlinear relationships. The seven repeated measurements per individual at the predefined time points were accounted for with random effects (41) . All EVLW data underwent a logarithmic transformation due to their non-Gaussian distribution, with the results being transformed back to the original scale. Perioperative fluid balance, age, gender, height, and weight were explored as potential influencing variables, with stepwise removal of the least significant term. Differences between possible statistical models were assessed with significance values and the minimized Akaike Information Criterion (42) . Ninety-five percent confidence intervals corrected for the repeated measurements per individual were used as a description of the expected normal range. Figures 1-3 and tables in the Results section presenting multivariate data were derived with gender forced as parameter in the underlying statistical model, regardless of its significance. Data points in the figures are slightly jittered to increase visibility otherwise hampered by overplotting. A bootstrapping approach was used for sample size calculations based on the EVLWI PBW data (43) .
RESULTS
Sixty female and 41 male patients were included in the study ( Table 1) . Discharge from the ICU was as normal on postoperative day 1 for all patients. Predominant tumor entity leading to surgery was meningioma (27 patients), followed by metastasis (16 patients) and glioblastoma (15 patients). On clinical examination, no patient showed signs of overhydration or cardiopulmonary failure during surgery or their postoperative course. The chest X-ray performed on ICU admission to rule out pneumothorax after central venous catheterization was not indicative of excessive fluid loading in any patient. No patients required oxygen therapy after discharge from the ICU on postoperative day 1.
Six hundred and thirty five valid transpulmonary thermodilution measurement series were performed at the seven predefined time points. The repeatability coefficient for EVLWI PBW measured by at least three consecutive injections was 10.1%. Repeatability was better for measurements performed in the ICU than in the operating room (7.9% vs. 11.9%, respectively, p < 0.001). From the beginning of anesthesia until discharge from the ICU, the average fluid balance in females was + 1,258 (sd = 1217) mL and + 1218 (sd = 1233) mL in males (p = 0.68).
Univariate Analysis of EVLWI PBW
Females had a median EVLWI PBW of 8 mL/kg (interquartile range [IQR], 7-10 mL/kg; range, 5-23 mL/kg). Mean EVLWI PBW in females was 9.1 (sd = 3.1) mL/kg. Males had a median EVLWI PBW of 8 mL/kg (IQR, 7-9 mL/kg; range, 4-19 mL/kg). Mean EVLWI PBW in males was 8.0 (sd = 2.0) mL/kg. Differences between genders were statistically significant (p < 0.001; Fig. 1 ; Supplemental Fig. 1 ; Supplemental Digital Content 1, http://links.lww.com/CCM/A576). Twenty-six percent of EVLWI PBW measurements in females and 11% in males exceeded a threshold of 10 mL/kg. No significant differences in EVLWI PBW were between the time points of measurement (p = 0.11) (Fig. 1) , between measurements performed either in the operating room or the ICU (p = 0.96) or during anesthesia and after extubation (p = 0.70). No statistical difference in EVLWI PBW was seen in patients receiving mannitol or not, at time point 3 (p = 0.45) or time point 4 (p = 0.59). EVLWI PBW increased by 0.31 mL/kg per liter fluid gain (p = 0.094). Preoperatively known diseases and medication had no significant influence on perioperative EVLWI PBW or unindexed EVLW ( Table 2) .
Univariate Analysis of EVLWI ActBW
Females had a median EVLWI ActBW of 7 mL/kg (IQR, 5-9 mL/kg; range, 4-20 mL/kg). Mean EVLWI ActBW in females was 7.4 (sd = 2.9) mL/kg. Males had a median EVLWI ActBW of 7 mL/kg Figure 1 . Extravascular lung water indexed to predicted body weight (EVLWI PBW ) measurements in females (yellow) and males (dark blue) at the seven predefined time points. Measurement series time point 1 was after induction of anesthesia, time point 2 at the start of surgery, time point 3 during surgery at incision of the dura mater, and time point 4 at the end of surgery. Series time point 5 was performed on admission to the neurosurgical ICU, time point 6 after extubation, and time point 7 shortly before discharge from the neurosurgical ICU on postoperative day 1. Significant differences between males and females in univariate analysis were seen but no difference between time points.
(IQR, 6-7 mL/kg; range, 3-16 mL/kg). Mean EVLWI ActBW in males was 6.9 (sd = 1.8) mL/kg. Differences between genders were not statistically significant (p = 0.35).
Multivariate Analysis of the Different Indexing Methods
Univariate analysis, as presented above, does not account for confounding variables and simultaneous dependencies.
Therefore, we performed a multivariate analysis of raw and indexed EVLW data. Body height, ActBW, age, gender, and perioperative fluid balance were explored as potential influencing variables. Fluid balance was the only variable that showed a consistent significant relationship in all statistical models. Per liter fluid gain, raw EVLW data and indexed EVLW data increased on average by a factor of 1.034 (95% confidence interval 1.0-1.07) or 3.4% (p = 0.04). Despite indexation, EVLWI PBW was inversely related to body height (p = 0.001; Fig. 2A and Table 3 ). Gender, age, and ActBW showed no significant association with EVLWI PBW (p = 0.87, p = 0.52, p = 0.31, respectively).
EVLWI ActBW showed an inverse curvilinear relationship with body weight (p < 0.0001; Fig. 2B and Table 3 ). In contrast to EVLWI PBW , EVLWI ActBW was independent from height (p = 0.67) but differed between sexes (p = 0.05). Age was not significantly related to EVLWI ActBW (p = 0.23).
EVLW raw data, EVLWI BSA(PBW) , and EVLWI BSA(ActBW) also showed statistically significant relationships to body height or body weight. Detailed multivariate analysis is given in Supplemental Indexing EVLW data to body height was the only method without any statistically significant relationship to age, height, weight, or gender (p = 0.56, p = 0.37, p = 0.41, and p = 0.16, respectively; Fig. 3A and B) . The sole factor related to the level of EVLWI Height was fluid balance, the magnitude being similar to other indexed data (p = 0.04). Median EVLWI Height was 297 mL/m (IQR, 259-349 mL/m; range, 163-808 mL/m). The mean EVLWI Height in all patients was 317 (sd = 92) mL/m. The 95% confidence interval for the mean of a series of seven measurements in a single patient was 218-430 mL/m. EVLWI PBW all time points (mL/kg) 8 (7-9) 8 (7-9) 8 (7-10) < 0.001 EVLWI PBW time points 1-5 (mL/kg) 8 (7-10) 8 (7-9) 8 (7-10) < 0.001 EVLWI PBW time points 6 and 7 (mL/kg) 8 (7-9) 7 (7-8) 8 (7-10) < 0.001 ActBW = actual body weight; PBW = predicated body weight; BSA(ActBW) = body surface area based on ActBW; BSA(PBW) = body surface area based on PBW; MAP = mean arterial pressure; CI = cardiac output indexed to body surface area based on ActBW; GEDVI = global end-diastolic volume indexed to body surface area based on PBW; EVLWI ActBW = extravascular lung water indexed to ActBW; EVLWI PBW = extravascular lung water indexed to PBW. All data are given in medians and interquartile ranges (IQRs). At time points 1-5, patients were under anesthesia and intubated. At time points 6 and 7, patients were spontaneously breathing and extubated.
a Denotes a difference of p < 0.05 between "intubated" and "extubated. "
b Denotes a difference of p < 0.001 between "intubated" and "extubated. "
The p values on the rightmost column are calculated for differences between genders.
Further Analysis
Preoperative known diseases and medication were included in a stepwise manner in the most parsimonious multivariate models. As with univariate analysis, we found no significant confounding variables for EVLW data. Finally, we used the present data to perform a sample size calculation for a future validation study for EVLWI PBW , aiming for a power of 80% and a significance level of p = 0.05. At least 33 females and 38 males are required for reliably finding a non-Gaussian distribution of the data. Eighty measurements from both sexes are needed to detect differences between males and females in univariate assessment. Two hundred and forty measurements are necessary to recognize the dependence of EVLWI PBW on height.
DISCUSSION
The main result of our study is that all weight-based indexing methods for EVLW lead to data that are still dependent on the height or weight of a patient. The new finding is that EVL-WI PBW is inversely dependent to body height. Therefore, being on average smaller in height than males, females show higher values of EVLWI PBW . We confirm that EVLWI ActBW is lower in heavier subjects. Our data suggest that only EVLWI Height is without confounding variables and shows no significant relationship to height, weight, or gender of a patient.
Previous Definition of a Normal EVLWI
Our results are contradictory to previous validation studies that proposed a fixed range of normal for EVLWI ActBW or EVLWI PBW . The largest of the studies for definition of a normal EVLWI ActBW (31) (32) (33) (34) (35) (36) was performed in 16 predominantly male patients. The only work that investigated EVLWI PBW included 24 male and six female patients from a deceased elderly Japanese population (27) , with only nine of these patients having a normal lung weight at autopsy (44) . Power calculations based on our data explain that their small patient numbers may have precluded these studies from finding significant differences between genders, a relationship with weight or height or any deviation from a Gaussian distribution.
PBW is lower than actual weight in most adults. As a consequence, the values for EVLWI PBW in the Japanese study and ours are higher than reported for EVLWI ActBW . However, this has not led to the proposal of different normal ranges for EVLWI ActBW and EVLWI PBW thus far. 
Study Subjects
Subjects included in our study were without known relevant cardiopulmonary compromise. Postoperative admission to the ICU was for neurologic monitoring and not because of hemodynamic instability. No patients showed clinical signs of a deranged fluid status. All patients had a regular discharge from the ICU on postoperative day 1 without hemodynamic or pulmonary instability, and later discharge from the hospital was uneventful. Our data show no indication that past medical history including concomitant medication had a relevant impact on the measurement values of EVLW. We believe that our findings are not restricted to patients requiring brain tumor surgery, and our cohort resembles a representative cross-section of adults.
How to Perform EVLW Indexing
In general, a physiological trait is indexed to remove its dependence on height, weight, and gender in order to facilitate a comparison between patients. However, this concept is met with repeated concern that it may not work as expected (45, 46) . In 1949, Tanner (45) gave a clear mathematical explanation as to why indexing may lead to inappropriate conclusions not justified by the raw data. Our results suggest that indexing EVLW by weight-based denominators is another example of an indexing fallacy. We did not expect this result at the studyplanning stage, given the widespread use of EVLWI ActBW , and more recently EVLWI PBW , in research and clinical practice.
In contrast, EVLWI Height may represent a valid approach for indexing EVLW data to achieve independence from body height, weight, and gender. This is comparable with cardiac output indexed by BSA, where the result is independent of BSA and accounts for variations in body size (47) . In light of the known dependence of lung volumes on height (37), it is surprising that EVLWI Height had not received consideration thus far. Further research on this parameter appears warranted to investigate its properties in critically ill patients.
Support for our findings is in the pediatric literature. On average, children present with lower absolute EVLW but higher weight-indexed values than adults (48) (49) (50) (51) . Relationships with age, body height, and weight are described in pediatric populations (48, 49, 52) . However, without multivariate assessment in these studies, the most dominant covariate for EVLW in pediatric patients remains unknown.
Clinical and Research Implications
Our data show that a fixed range of normal is inappropriate for weight-based indexing of EVLW. Furthermore, a wide range of EVLW is present in humans even without signs of lung injury. Therefore, treatment algorithms incorporating fixed levels of EVLWI PBW or EVLWI ActBW are inappropriate and may inflict harm on individual patients. Initiating diuresis at 11 mL/kg EVLWI PBW in a large male patient with clinical ARDS is likely to be reasonable. However, according to our data, it may put a small female at risk of hypovolemia. When considering EVLWI ActBW , it is well known that approximately 30% of patients with clinical ARDS present with values below 10 mL/kg (11, 21, 30) . In an obese patient presenting with an EVLWI ActBW of 7 mL/kg, fluid restriction may be warranted, despite this value previously being thought of as normal.
Results from other studies may be compromised when patients' gender, height, and weight remain unrecognized confounding variables. Uncorrected group imbalances may either emphasize or obscure results for EVLWI PBW and EVLWI ActBW , particularly in smaller studies. Our results indicate that implementing a single value as an upper threshold is misleading. Therefore, inclusion of either parameter with a fixed All predictions were based on multivariate statistical modeling of a series of seven repeated extravascular lung water measurements per patient at predefined time points. Predictions were stratified to gender and ranges of the significant covariate of either body height or weight. No predictions were performed for small males and large females and for males below 60 kg (no patient data available).
cutoff criterion in the ARDS definition may not be warranted. Whether EVLWI Height would be suitable remains to be investigated and should not be extrapolated from this data. Nonetheless, our fluid balance data confirms that EVLW is capable of accurately detecting and monitoring changes in volume (53) .
Limitations
The best assessment of a physiological parameter in a normal population is to study healthy volunteers, with findings verified by an external reference method. However, it is impossible to verify EVLW in living subjects by gravimetry, the only reference method known. We are aware that the earlier double-indicator dilution technology was known to underestimate gravimetric EVLW, while contemporary equipment may slightly overestimate low EVLW values (1, 54) . Lacking a reference technology, we cannot distinguish whether the variability in our data are an intrinsic property of EVLW or a problem of the device we used. However, our results do not challenge the validation of EVLW measurements with single-indicator transpulmonary thermodilution (26) (27) (28) (29) , but the use of indices based on weight. Even if there were reluctance to accept our cohort as "normal" adults without cardiopulmonary compromise, an alternative explanation would still be required to revoke our findings.
Our study subjects were not healthy volunteers but patients scheduled for brain tumor surgery. Some of them had a significant medical history including malignancies. However, none of them had any clinical sign of decreased cardiopulmonary performance. For this reason, we did not perform routine echocardiography or a stress electrocardiogram preoperatively. Impaired cardiopulmonary physiology may be present in comatose patients due to brainstem compression (55) , but none of our study subjects showed altered consciousness. Treatment with mannitol may introduce a short-term increase in cardiac output (56, 57) , but no intrinsic effect on EVLW is known. Long-term medication use may have an impact on EVLW, but we were unable to detect any statistically significant dependence. If there are any effects of concomitant medication on EVLW, their magnitude is most likely far smaller than interindividual variances or the influence of height and gender.
We may be criticized for not performing a one-off assessment but a sequence of measurements in each patient. However, this approach allowed us to confirm the capability of EVLW measured by single-indicator transpulmonary thermodilution for detecting changes in fluid status (53) . If multiple measurements were refused, the question would arise as to when to consider EVLW as normal: after overnight fasting or at some specified time point following a defined diet.
Although we provide the currently largest dataset for the definition of normal values, only a few severely overweight patients were included. Assessment of obesity independent from height and gender would considerably increase the number of subjects necessary.
CONCLUSION
EVLW measured with single-indicator transpulmonary thermodilution and indexed to either PBW or ActBW frequently shows values above the previously established normality threshold of 10 mL/kg in patients without cardiopulmonary compromise. Females, being on average shorter in height than males, present with significantly higher values of EVLWI PBW . In contrast, traditionally used EVLWI ActBW is inversely related to body weight and is lower in females. Therefore, a fixed range of normal or a uniform upper threshold for either method of indexing is misleading and should not be used.
We suggest further investigation of EVLW values indexed to body height. This eliminates the influence from height, weight, age, or gender so that a large person will have the same range of normal as a small one. As we are not aware of any abnormal hemodynamic profile for brain tumor patients, we propose that our findings on EVLW and its indexed variations are a close approximation to normal values.
